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20.  ABSTRACT 

The  overall  study  concerns  an  investigation  on  the  cooling  and  aerodynamic 
problems  associated  with  a high  speed  turbine  cascade  of  small  blade  height 
for  use  on  small  gas  turbines.  The  secondary  flow  behavior  in  turbines 
is  presented  in  Vol.  I and  the  cooling  aspects  are  presented  in  Vol.  II. 

Vol.  I reports  on  the  study  of  small  aspect  ratio  blades.  A program  has 
been  initiated  with  the  aim  of  obtaining  a better  physical  understanding  of 
the  real  secondary  flow  phenomenon.  The  total  program  will  cover  a period 
of  three  years.  It  includes  very  detailed  low  speed  tests  with  measurements 
inside  the  blade  passage,  cross  checking  of  the  low  speed  tests  in  a high 
speed  cascade  and  the  investigation  of  the  effect  of  film  cooling  on  secondary 
flows.  Vol  I,  wliich  reports  on  the  first  year  efforts,  presents  mainly 
low  speed  test  results  and  a limited  amount  of  high  speed  data. 


Vol.  II  reports  on  the  first  year  efforts  on  the  measurement  of  effectiveness 
of  a film  cooling  system  for  a small  turbine  by  injection  through  inclined 
holes.  A short  duration  facility  was  used  to  provide  isothermal  wall  data 
at  flow  conditions  carefully  selected  to  simulate  those  expected  in  an 
advanced  turbine.  Appropriate  heat  and  mass  transfer  equations  have  been 
developed  to  illustrate  the  interpretation  and  usefulness  of  data  obtained 
in  this  as  yet  relatively  unconventional  method.  The  measurements  showed: 
that  there  are  small  increases  in  effectiveness  for  injection  on  convex 
surfaces  compared  to  flat  surfaces;  a change  in  flow  Reynolds  number  only 
slightly  changes  effectiveness;  a lowering  of  the  mainstream  Mach  number 
frem  0.G  to  0.3  causes  a sizable  decrease  in  effectiveness;  a pressure 
gradient,  typical  of  that  seen  on  a turbine  also  decreases  considerably 
the  effectiveness. 
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FOREWORD 


The  overall  study  concerns  an  investigation  on  the  cooling 
and  aerodynamic  problems  associated  with  a high  speed  turbine 
cascade  of  small  blade  height  for  use  on  small  gas  turbines.  The 
cooling  aspects  are  presented  in  vol.2  of  this  report. 

The  present  report  vol.1  is  confined  to  the  study  of 
small  aspect  ratio  blades.  The  program  has  been  initiated  with  the 
aim  of  obtaining  a better  physical  understanding  of  the  real  secondary 
flow  phenomenon.  The  program  was  layed  out  for  a period  of  three 
years.  It  includes  very  detailed  low  speed  tests  with  measurements 
inside  the  blade  passage,  cross  checking  of  the  low  speed  tests  in 
a high  speed  cascade  and  the  investigation  of  the  effect  of  film 
cooling  on  secondary  flows.  This  report  presents  mainly  low  speed 
test  results  and  a limited  amount  of  high  speed  data. 
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1 . INTRODUCTION 


The  design  and  operation  of  a high  performance,  film 
cooled  gas  turbine  of  small  blade  height  with  respect  to  chord 
represents  a difficult  problem  in  view  of  the  small  dimensions  of 
the  flow  passages.  The  flow  is  dominated  by  interference  effects 
between  blade  and  wall  boundary  layers  which  influence  strongly  the 
blade  performance.  It  has  been  recognized  that  the  lack  of  reliable 
secondary  flow  prediction  methods  are  one  of  the  major  obstacles 
for  a further  improvement  of  small  gas  turbines . Conventional 
secondary  loss  correlations  have  proved  to  be  insufficient  and 
unreliable.  A new  approach  providing  a better  physical  under- 
standing of  the  flow  is  needed.  A research  program  is  underway 
at  VKI  to  help  to  fill  this  gap.  The  work  carried  out  under 
contract  for  the  US  Army  is  part  of  this  program. 

The  main  part  of  the  experimental  work  during  the  first 
year  of  the  contract  was  conducted  in  the  low  speed  cascade 
tunnel  of  the  von  Karman  Institute.  These  tests  aim  at  a better 
understanding  of  the  real  3-dimensional  character  of  the  flow  in 
turbine  nozzle  vanes.  Detailed  investigations  of  the  flow  field 
upstream  and  downstream  of  the  cascade  as  well  as  inside  the 
blade  passage  provide  information  on  the  development  of  secondary 
flows  and  the  growth  of  the  endwall  boundary  layer. 

The  low  speed  tests  are  performed  using  three  different 
blade  heights  at  constant  chord  length  in  order  to  study  the 
influence  of  aspect  ratio.  The  Reynolds  number  and  the  inlet  side 
wall  boundary  layer  are  kept  constant  during  the  whole  test  series. 


The  3-years  program  foresees  to  extend  the  secondary 
flow  investigations  also  to  the  high  speed  flow  range.  These 
tests  are  to  be  carried  out  in  the  VKI-high  speed  cascade  tunnel 
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2.  LOW  SPEED  TESTS 


The  experiments  are  carried  out  on  a typical  subsonic 
nozzle  blade  with  a thick  trailing  edge  for  cooling  purposes. 

As  already  mentioned  before  the  tests  will  be  carried  out  for 
3-different  aspect  ratios  at  constant  PE-number  and  constant 
inlet  endwall  boundary  layer  thickness. 


The  test  program  may  be  divided  into  three  phases  : 

The  first  phase  deals  with  the  investigation  of  the  flow  field 
downstream  of  the  trailing  edge,  at  several  streamwise  distances 
from  the  trailing  edge  plane,  in  order  to  study  the  flow  pattern 
evolution  downstream  of  the  cascade. 

1 ■ 

The  second  phase  is  concerned  with  the  measurements  of  flow 
parameters  inside  of  the  blade  passage. 

In  the  third  phase  of  the  test  program  special  attention  is 
given  to  the  investigation  of  the  leading  edge  stagnation  vortex 
("horseshoe  vortex")  which  is  likely  to  influence  the  flow  field 
in  this  region. 

2 . 2 The  wind  tunnel 

The  C-1  low  speed  cascade  wind  tunnel  of  the  von  Karman 
Institute  turbomachinery  laboratory  is  used  in  the  present  invest- 
igations. A schematic  diagram  of  this  facility  is  shown  in  Fig.1. 

Air  is  driven  from  the  atmosphere  by  a centrifugal  blower  powered 
by  a 25  HP  DC  motor.  The  speed  of  the  blower  is  controlled  by  a 
rehostat,  the  maximum  air  speed  in  the  rectangular  air  section 
(approx,  dimensions  11.7  x 50cm)  is  about  bOm/s. 

The  tunnel  has  a non-return  arrangement,  discharging  into 
the  atmosphere. 
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The  cascade  inlet  wall  boundary  layer  is  the  result 
of  natural  development  between  the  settling  chamber  and  the 
cascade.  The  variation  of  the  aspect  ratio  being  obtained  by 
a variation  of  the  blade  height,  a movable  side  wall  was  required; 
this  movable  wall  extends  upstream  up  to  the  settling  chamber  in 
order  to  maintain  the  same  boundary  layer  thickness  on  both  side 
walls  . 


2 . 3 Blades  and  instrumentation 

Blade  section  coordinates  and  cascade  description 
are  given  in  Appendix  A.  The  blade  profile  corresponds  to  the 
stator  hub  section  of  a small  high  temperature  gas  turbine 
(see  Ref . | 1 | ) . 

A 3-hole  ( 2-directional)  probe  is  used  for  the  inlet 
flow  field  and  the  main  bulk  of  the  measurements  within  the  blade 
passages  (Fig. 2a).  Some  of  the  blade  passage  measurements  are 
repeated  by  a 5-hole  ( 3-dir ect i onal ) probe  (Fig. 2b)  in  order  to 
estimate  eventual  measuring  errors  incurred  by  the  use  of  the 
3“hole  probe  in  a 3_d  flow.  The  dynamic  head  is  evaluated  from 
the  difference  between  the  total  pressure  and  the  average  pressure 
sensed  by  the  2 (U)  directional  tubes.  Probe  calibration  leads 
then  to  the  determination  of  the  true  dynamic  pressure. 

The  probe  used  in  the  downstream  flow  investigations 
is  shown  in  Fig. 3.  It  is  of  the  fork-type.  One  of  the  two  stems 
is  a Kiel  probe  that  proved  under  calibration  to  yield  the  true 
total  pressure  over  an  angular  range  of  ± 25°;  the  second  stem  has 
two  tubes  cut  at  90°  angle  at  the  tip  for  purpose  of  sensing 
the  local  flow  direction.  The  dynamic  head  is  obtained  in  the 
same  manner  as  for  the  other  probe.  The  fact  that  the  two  stems  are 
separated  by  10mm  is  taken  into  account  by  the  data  reduction 
program . 
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The  pressures  measured  by  the  probes  are  sensed  by 
strain  gauge  transducers.  The  signals  from  these  transducers 
are  processed  through  a digital  voltmeter,  and  the  output  of 
the  digital  voltmeter  is  punched  on  paper  tape  which  is 
processed  on  a MITRA  15  computer.  The  data  acquisition  program 
includes  correction  due  to  instrumentation  system  and  probe 
calibration . 

The  investigation  of  the  leading  edge  flow  field 
presents  a particular  problem  because  of  the  unavoidable 
distorsion  of  the  leading  edge  flow  by  any  probe  placed  near  the 
leading  edge.  This  problem  was  mastered  by  designing  a blade 
with  a hollow  movable  nose,  allowing  to  put  the  probe  inside 
the  blade  nose,  the  spanwise  traverses  being  done  by  moving 
the  blade  nose*.  The  mechanical  arrangement  is  shown  in  Fig.U. 

The  probe  used  for  these  tests  is  the  miniaturized  5-hole  probe 
of  Fig . 2b . 


Hot  wire  anemometry  was  used  to  check  in  some  cases 
the  pressure  probe  measurements. 

Blades  instrumented  with  pressure  tappings  at  various 
spanwise  positions  allow  the  measurement  of  span  and  chordwise 
blade  pressure  distributions,  through  an  alcohol  multimanometer. 


2 . U Inlet  and  outlet  flow  field  - overall  performance 
test  results 


This  section  deals  with  the  detailed  tests  performed 
downstream  of  the  cascade  by  difference  with  the  far  upstream 
conditions  . 

-* 

see  also  first  periodic  report,  June-November  1975- 


■*r * 
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2.4.1  Test  description 

The  flow  quantities  to  be  measured  are  : the  flow 
direction,  the  total  pressure  and  the  dynamic  pressure.  The  upstream 
measurements  are  performed  at  a distance  of  1 chord  length  with 
respect  to  the  leading  edge  plane,  while  the  downstream  measur- 
ements are  made  in  3 different  planes  positioned  at  1/3,  2/3 
and  1 chord  length  in  flow  direction  behind  the  trailing  edge 
plane.  These  tests  are  repeated  for  each  of  the  three  selected 
aspect  ratios  : h/c  = 0.42,  0.67  and  0.98. 

At  the  upstream  station,  three  traverses  perpendicular 
to  the  wall  with  16  positions  of  measurements  each  and  separated 
from  each  other  by  1/2  pitch  provide  a good  picture  of  the  inlet 
flow  and  inlet  boundary  layer  parameters. 

The  downstream  station  measuring  plane  is  covered  by 
13  to  15  spanwise  traverses,  each  containing  35  measuring  points 
(every  2.5mm  in  the  pitchvise  direction). 

A summary  of  tests  parameters  for  the  nine  overall  tests 
(3  aspect  ratios  and  3 downstream  measuring  planes)  is  given  in 
Table  1. 


2.4.2  Measurements  uncertainties 


The  uncertainty  of  a variable  R is  defined  herein  in 
the  following  way  : if  a variable  R is  a function  of  (i=1,k) 
variables,  then  the  uncertainty  of  R,  UD , is  given  by 


k 

T. 

i*  1 


U 

xi 
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In  Ref.  [23  , Salvage  made  a detailed  study  of  measurement 
uncertainty  related  to  secondary  flow  investigations.  In  this 
section.  Salvage  results  are  briefly  summarized  and  the  uncer- 
tainties associated  with  the  present  tests  are  derived. 

2.U.2.  1 Flow  angle  uncertainty 

An  important  contribution  to  flow  angle  uncertainty  is 
the  uncertainty  of  setting  the  probe  in  a well  defined  reference 
direction.  This  is  estimated  to  be  ± .U°. 

Random  errors  due  to  measurements  system  noise  and 
fluctuating  flow  in  the  tunnel  account  for  approximately  ± .2° 
uncertainty . 

Pitchwise  velocity  gradients  may  severely  affect  the 
local  measurements  of  flow  angle,  but  pitchwise  averaged  values  of 
B are  not  directly  affected  as  the  blade  wake  is  nearly 
symmetrical . 

The  total  uncertainty  estimation  is  then  ± .5°  for 
pitchwise  averaged  values. 

2. h. 2. 2 Dynamic  head  uncertainty 

The  true  dynamic  head  may  be  written  in  the  form  : 


q^  = a + m- 
nrue 


1 + C 


q ( S ) 
P 


The  uncertainty  of  q is  then  given  approximately  by 
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^true 


U2  + 
a 


m u 

2 

r nq  n 

V IT 

1 + C (6  ) qp 

(1  ♦ C )2  Cq 

L <1  p J 

q j 

mq 


( 1 + C ) 2 
a 


3 C 

^ • U 

36  Bp 


choosing  typical  average  values  : 


C 

<1 

ra 


qp 

3 C / 3 B 
<1 


= .08 

= 2 

= 30  mm  If  g 0 
= .02/degree 


and  with 


U 

a 


UqP 

U8 


•5  mm  H2O 
•3  mm  H2O 
• 5° 

.01 


The  uncertainty  of  q,  is  estimated  to  be  ± 1 mm  H,0. 

true  2 

2. I*. 2. 3 Total  pressure  uncertainty 

The  total  pressure  sensed  by  the  Kiel  probe  used  at  the 

downstream  station  is  the  true  total  pressure  within  the 

uncertainty  of  the  measurement  system  and  tunnel  driving  pressure 

fluctuation  over  a wide  range  of  6 (±  25°).  Those  fluctuations 

P 

being  estimated  to  .3  mm  H2O,  the  total  pressure  uncertainty  is 
•3  mm  H2O. 


The  same  conclusion  applies  to  the  inlet  probe  because 
of  the  very  small  difference  between  the  probe  setting  angle  and 
the  inlet  flow  direction  (Max.  ±3°).  The  inlet  total  pressure 


< • * 
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uncertainty  is  estimated  to  .2  mm 

Additional  uncertainties  are  due  to  displacement 
effects  occurring  in  wakes  and  end  wall  boundary  layer  but  it 
has  been  shown  in  Ref.  [2]  that  those  effects  on  integrated 
values  are  negligible. 


2.k.2.k  Loss  coefficient  uncertainty 


-10- 

2.U.2.5  Summary 

VARIABLE  UNCERTAINTY 


6 

q 

Po 

to 


.5° 

1 mm  H2O 
.3  mm  H2O 
.006 


2.U.3  results 

2.^.3. 1 General  flow  pattern 

A typical  test  result  is  presented  in  Figs  5 to  8. 

In  Fig. 5,  the  pitchwise  averaged,  mass  averaged  loss  coefficient 
to  is  plotted  against  the  blade  height.  (2 Y/H=0  corresponds  to  the 
wall,  2Y/H=1  to  mid-span).  When  considering  the  loss  evolution 
from  wall  to  mid-span,  it  appears  that,  after  a region  of  high 
losses  near  the  wall  (due  to  end  wall  boundary  layer),  there  is 
a decrease  followed  by  a peak  at  approximately  2Y/H=.30; 

that  peak  corresponds  to  the  zone  of  high  losses  localized  in 
the  end  wall-blade  suction  side  corner,  which  can  be  seen  on  the 
contour  plot  of  Fig. 8,  and  which  is  associated  with  the  corner 
vortex  (see  Appendix  B for  a description  of  secondary  flow 
phenomena  in  cascades).  It  is  interesting  to  note  that,  after 
the  minimum  of  loss  coefficient  succeeding  to  the  corner  vortex 
peak,  losses  are  slightly  rising  till  mid-span.  This  is  due  either 

- to  the  transportation  of  low  energy  material  from  end  wall  or 
corner  region  to  mid  span  by  means  of  the  passage  vortex,  or 

- to  a thickening  of  the  blade  suction  boundary  layer  near 

mid  span  due  to  the  spanwise  component  of  velocity  resulting 
from  secondary  flows. 

Fig.  6 presents  the  outlet  distribution  of  A62  * 

82ms  “ 82(y)  against  the  blade  height,  AB2  > 0 indicating  an 
overturning  of  the  flow.  This  is  seen  to  be  the  case  near  the 


. 

i 

i 

I 
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% 

* 

' r 


wall.  This  region  is  followed  by  an  underturning  zone,  closer 
to  mid-span.  This  outlet  flow  angle  pattern  is  consistent  with 
the  passage  vortex  model  developed  in  Appendix  B. 

The  spanwise  distribution  of  tangential  velocity 

V /Vwr.  corresponding  to  the  outlet  flow  angle  distribution 
Z MS 

of  Fig. 6 is  shown  in  Fig. 7. 

2 . U . 3 . 2 Evolution  of  cascade  flow  caracteristics 
with  increasing  downstream  distance 

From  Fig.  9»  it  can  be  seen  that  the  increase  of 
losses  with  increasing  downstream  distance  is  much  more 
important  between  stations  1 and  2 ( 1 / 3 and  2/3  of  a chord  from 
trailing  edge  in  the  streamwise  direction,  respectively)  than 
between  stations  2 and  3 (1  chord  in  the  streamwise  direction). 
This  is  in  agreement  with  the  statement  of  Wolf  (Ref. I*)  that 
global  losses  increase  between  the  trailing  edge  plane  and  a 
plane  located  approximately  at  1 chord  of  it  in  the  streamwise 
direction,  and  remains  constant  further  downstream.  This 
increase  in  losses  is  attributed  to  the  mixing  losses,  end  wall 
boundary  layer  thickening  and  secondary  vortices  decay.  It  seems 
that  most  of  the  cascade  secondary  flow  data  available  in  the 
literature  were  obtained  from  measurements  made  at  1 to  1,5 
chord  in  the  streamwise  direction,  downstream  of  the  cascade  and 
represent  a quasi asymptot i c state,  and  not  what  a next  row 
of  blade  would  "see". 

Figs  10  to  12  illustrate  the  influence  of  downstream 
station  position  on  the  spanwise  distribution  of  losses  and 
outlet  angle. 

From  those  figures,  we  can  conclude  that  with 
increasing  distance  from  the  cascade  trailing  edge  : 
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- losses  near  the  wall  increase 

- the  peak  losses  associated  with  the  corner  vortex  are  shifted 
towards  the  mid  span 

- mid-span  losses  show  a definite  trend  to  increase 

- the  minimum  turning  point  is  shifted  towards  the  mid-span 
and  its  magnitude  is  reduced 

A reliable  model  for  secondary  flows  should  allow 
to  describe  those  effects.  In  particular,  we  can  see  from 
Fig.  11b  a,d  12b  that  a shift  of  minimum  turning  point  towards 
mid  span  occurs  between  the  measuring  plane  located  at  1/3 
and  1 chord  downstream  of  the  cascade.  This  should  not  occur  if 
secondary  flows  were  only  a small  perturbation  of  the  main  flow, 
and  indicates  that  there  is  a need  to  take  into  account  the 
effect  of  secondary  flows  upon  the  main  one. 

2.U.3.3  Influence  of  aspect  ratio 

The  influence  of  aspect  ratio  on  global  losses 

- _ ^MS  ~ _Po2M 
M (P^l-  P2 )MS 


and  the  spanwise  loss  distribution  is  illustrated  in  Fig. 13 
and  Fig.  1 U — 1 6 . It  shows  the  usual  rapid  increase  in  loss  with 
decreasing  aspect  ratio;  the  integrated  losses  occurring  at 
an  aspect  ratio  of  .42  ere  1.3  times  those  occurring  at  the  aspect 
ratio  of  .98  (measured  at  station  3;  DX/C=l). 

The  measured  losses  at  station  DX/C=1  were  compared 
with  those  predicted  by  three  correlations,  namely  Sodenberg  [5]  , 
Craig  and  Cox  [6]  and  Balj e-Binsley  ^7j  . The  results  are 
presented  in  Fig. 17  and  are  summarized  in  the  following  table  : 


AR 

wSoderberg 

wBalje-Binsley 

U) 

Craig-Cox 

UM 
exp . 

“A 
exp . 

.98 

.096 

. 0^9 

. 089 

.059 

.085 

.67 

. 122 

.067 

. 107 

.068 

. 106 

. h2 

.168 

.0101 

.139 

. 08  1 

. U0 

It  can  be  seen  that  the  area  averaged  measured  losses 
fit  surprisingly  well  the  Craig  and  Cox  correlation.  Coderberg's 
correlation  is  on  the  upper  side,  but  indicates  the  same  trend. 

Bal j e-Bin sley ' s.  corr elat ion  is  on  the  lower  side. 

However,  it  is  very  important  to  note  that  the 
variations  in  aspect  ratio  were  achieved  by  reducing  the  blade 
height,  and  that  in  doing  this,  two  other  non-dimensional 
parameters  of  importance  in  the  study  of  secondary  flows  are 
changed  as  well  : the  pitch  to  blade  height  ratio  s/h  and  the 
inlet  boundary  layer  thickness  to  blade  height  ratio  6 j /h . 

a)  effect  of  parameter  s/h 

Simple  secondary  flow  theory  assumes  that  all  cascades 
which  produce  the  same  mean  deflection  0 also  produce  the  same 

secondary  vorticity.  The  magnitude  of  the  secondary  velocities 

* s 

induced  by  that  secondary  vorticity  is  then  dependend  on  — .cosB2 

and  on  S^/h.  Since  it  seems  to  be  a reasonable  assumption  that  that 

part  of  secondary  losses  associated  with  the  secondary  flows, 

often  called  the  "interaction  losses"  depend  on  the  magnitude 

of  secondary  velocities,  it  is  interesting  to  examin  more  closely 


The  ratio  s/h  is  often  used  in  the  literature  under  the  form 
1 


0 * AR  * 
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the  evolution  of  those  velocities,  represented  by  the  kinetic 
energy  of  secondary  flow  KE^ . In  Ref.  [8]  , Belik  computed  the  se- 
condary flow  kinetik  energy  resulting  from  a particular  class 
of  fully-developed  boundary  layers.  His  results  are  sketched  in 
Fig.l8.  Although  fully  developed  boundary  layers  are  not  of 
general  interest  in  turbomachinery,  the  form  which  the  curves 

exhibit  are  . We  can  observe,  in  particular,  that  for  a given 

* . 

Si/ h,  the  kinetic  energy  of  secondary  flows  does  increase  with 

increasing  s/h.  (note  that  instead  of  s/h,  the  equivalent 

expression  has  teen  used  in  Fig.l8). 

In  order  to  check  the  general  tend  indicated  by  Belik, 
theoretical  calculations  were  performed  with  the  computer  program 
described  in  Appendix  C.  It  was  found  that  for  our  particular 
cascade,  a variation  of  the  ratio  s/h  from  .87  to  2.2  results  in 
an  increase  from  .OOUU  to  .005U  . 


b)  Effect  of  parameter  6 1 /h 

From  an  inviscid  point  of  view,  the  results  of  Belik 
show  an  increase  in  secondary  kinetic  energy  with  an  increase 

• 1 % . • . • 

in  6j/h.  This  trend  is  again  confirmed  by  our  calculation 

(to,  . , . = .OOUU  for  61  = .08,  rising  to  u.  . . . = .0055  for 

kinetic  1 ’ B kinetic 

Si/ h = . 16) . 


Considering  the  existing  correlations,  two  of  them, 
those  of  Dunham-Came  and  Balj e - Binsley  , take  explicitely  into 
account  the  effect  of  inlet  boundary  layer.  They  state  (see 
Fig. 19)  that  secondary  losses  are  increasing  with  increasing 
until  an  asymptotic  stage  is  reached  (6j/h  * 1/3).  But  Salvage 
pointed  out  in  his  thesis  that,  for  compressor  cascades,  the 

M 

dependance  of  mass  averaged  secondary  losses  on  6j  comes  from  the 
fact  that  in  the  balance  of  total  pressure  across  the  blading, 
the  deficit  of  inlet  total  pressure  due  to  the  inlet  boundary 
layer  is  considered  as  part  of  the  blading  loss.  So  he  proposed 
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to  use  the  loss  coefficient  « ' = 

M 


P 0 1 MS  ” P02M 


P01K  " P02M  . 


instead  of 


Following  [loj  we  can  write 


26  j H32  COS82 

Z • TJ  • ( “ / = (0 

h _ 26*  H12  cosBi  I 


A least  mean  square  fitting  of  the  inlet  boundary- 
layer  data  points  by  a Lefoll  profile  gives  6j  = 1.098  mm  and 
H 3 2 / ^ 1 2 = 1-19,  leading  to  the  following  values  of  <0^  : 


AR 

(01 

(0  ' 
M 

.98 

. 003 

.056 

.67 

.005 

. 063 

.1*2 

.008 

.073 

The  correction  due  to  inlet  boundary  layer  is  seen  to  be  of 
little  importance  in  our  case,  and  certainly  not  enough  to  explain 
the  effect  reported  by  Balje  in  Ref.  [9  | and  based  on  the  results 
of  Wolf  [U]  (see  Fig. 19).  This  is  due  to  the  small  value  taken 
by  the  ratio  ( cosf?2 /cosB  j ) 2 = . 1 1*  in  the  present  case,  and  one  must 
notice  that  this  correction  due  to  inlet  boundary  layer  would  be 
much  more  important  for  an  impulse  blading,  where  the  factor 
( cosB2 /cosB 1 ) 2 is  equal  to  1. 

Salvage  [lO]  also  pointed  out  that,  for  a given  cascade, 
there  exists  a value  of  6j/h  leading  to  the  beginning  of  "low 
aspect  ratio  effects",  that  can  be  defined  as  disturbance  of  the 
mid  span  flow  by  secondary  flows,  especially  by  the  corner 


- 16  - 


vortices.  Due  to  Salvage  mid-span  losses  start  to  rise  at  the  same 
rate  as  secondary  losses  as  soon  as  the  critical  ratio  6j/h  is 
reached.  This  author  found  that,  for  his  compressor  cascade 
tests,  this  limit  value  of  6j/h  is  given  by 


— = 0.5  - O.U96  6 r 

h h 


If  we  compare  the  mid-span  losses  to  the  global  losses 
for  our  measurements  (see  table  2),  we  find  that  mid  span  losses 
have  the  same  evolution  than  global  losses,  indicating  the 
occurrence  of  "low  aspect  ratio  effects".  This  is  obvious  in  the 
tests  performed  with  the  smallest  aspectratio  (AR  = ,U2),  where 
the  peak  losses  do  occur  at  mid  span,  as  it  can  be  seen  on  the 
contour  plot  of  Fig. 20. 

Finally,  a last  remark  must  be  done  about  the  effect 
of  a blade  height  reduction  on  end-wall  losses.  Considering  a 
pseudo-tri-dimensional  end  wall  boundary  layer  characterized  at 

# . X 

the  exit  plane  by  its  integral  parameters  6 , 0 and  9 , the  area 

X x z 

averaged  end  wall  loss  factor  is  given  by 


u , = - ( 6*  + 0 

EW,A  h x x 


leading  to  our  hyperbolic  dependence  of  end  wall  losses  on  the 
blade  height,  as  exhibited  by  the  classical  secondary  losses 
correlations.  However,  it  seems  more  questionable  to  assume  that 
the  same  effect  will  be  obtained  by  keeping  the  blade  height 
constant  and  varying  the  blade  chord  in  order  to  obtain  the 
same  aspect  ratio  variation.  This  emphazises  the  fact  that  great 
care  must  be  taken  when  forming  non-dimensional  quantities. 


In  conclusion,  we  can  say  that  a reduction  of  blade 
height,  keeping  all  the  other  parameters  constant,  leads  to  an 
increase  of  losses  roughly  propo rt i onn al  to  1 /h  even  if  we  neglect 


any  aspect  ratio  effect  (i.e.  if  we  suppose  that  the  end-wall 
boundary  layer  development  is  independent  of  the  blade  height). 
Moreover,  a reduction  of  the  blade  height  acts  on  the  ratios 
s/h  and  6j/h  in  a sense  favourable  to  higher  losses.  It  would 
however,  be  dangerous  to  interpret  our  tests  in  terms  of  non- 
dimensional  quantities,  since  the  effect  of  an  increase  of  c,  s or 
was  not  investigated. 


2 . 5 Comparison  with  a simplified  theoretical 
model 


2.5.1  Flow  angle  distribution 

The  flow  angle  distribution  was  computed,  using  the 
simplified  secondary  flow  model  for  the  pitchwise  secondary 
velocities  v^  described  in  Appendix  C.  For  each  aspect  ratio,  the 
measured  Af52(  = “ 02(y))  distribution  at  the  station  DX/C  - 1/3 

is  compared  with  the  one  calculated*  : 

- using  Horlock's  formula  for  V' 

s 

- using  a finite  element  program  resolving  the  equation  6’)'  * £ 

(see  Appendix  C) 

The  two  methods  are  seen  (Fig. 21 ) to  give  very  similar 
results,  the  only  differences  occurring  between  the  wall  and  the 
minimum  turning  point.  This  last  point  is  seen  to  be  predicted  to 
occur  at  a distance  from  the  wall  equal  to  the  inlet  boundary 
layer  thickness.  This  is  a general  trend  observed  by  many  authors 


"The  station  closest  to  the  trailing  edge  plane  was  chosen 
because  of  the  increasing  influence  of  secondary  flows  upon 
the  primary  flow  with  increasing  downstream  distance" 


(see  £icf|  and  [_12j  for  example). 


The  agreement  with  experience  is  only  qualitative, 
the  magnitude  of  secondary  flows  being  overestimated  and  the 
predicted  minimum  turning  point  being  too  close  to  the  wall. 

A more  refined  model  will  be  necessary  to  obtain  quantitative 
results,  in  particular,  it  is  necessary  to  take  into  accout  the 
effect  of  viscosity,  Bernouilli  surface  rotation  and  spanwise 
displacement  effect  [ 1 3^|  , [l  1*"]  . 

2.5.2  Profile  losses 


Profile  losses  can  be  estimated  as  soon  as  the 
trailing  edge  geometry  and  the  blade  boundary  layers  integral 
parameters  at  trailing  edge  are  known.  A boundary  layer  calculation 
based  on  the  Martensen  velocity  distribution  leads  to  the 
following  parameters  : 
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Using  the  expression  from  Appendix  C to  approximate 
the  mass  averaged  loss  at  1 chord  of  the  blade  trailing  edge  in 
streamwise  direction  (momentum  flow  averaging  * mass  flow 
averaging  * area  averaging),  we  obtain  = *02U2,  which  is 

very  close  to  the  profile  losses  derived  from  the  Balje-Binsley 


correlation  (10 


prof 


0236) . 


2.5*3  End_vall_losses 


Salvage  Ql 0_j  proposed  to  compute  the  end-wall  losses 
by  assuming  that  the  streamwise  component  of  the  end-wall 
boundary  layer  is  well  represented  by  a 2-D  boundary  layer  sub- 
mitted to  the  average  cross-channel  pressure  gradient.  Together 
with  the  cross  flow  integral  parameters  that  can  be  derived  from 
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Horlock's  expression  for  secondary  velocities,  this  allows  then 
an  estimation  of  the  end  wall  losses  to  be  made  (see  Appendix  C). 


The  numerical  results  of  this  calculation  in  our  case 
are  summarized  as  follows  : 
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e » .195 

z2 

(AR  = 

.42) 

e = .U50 
x2 

e - .193 

z2 

(AR  = 

.67  and  .98) 

leading  to  the 

following  area 

averaged  losses  : 

AR 

“ev,a 

“A 

s 

Aexp . 

. 42 

.036 

. C60 

. 1 40 

.67 

.023 

.047 

.106 

.98 

.016 

. 040 

. 085 

These  values  are  well  under  the  measured  ones  indicating 
the  failure  of  the  model  in  our  case,  where  high  flow  acceleration 
and  aspect  ratio  effects  do  occur. 


2.6  Channel  flow 


The  development  of  secondary  flows  within  the  blade 
channel  was  studied  by  means  of  flow  visualizations,  blade  pressure 
distributions  and  detailed  boundary  layer  traverses. 

2.6.1  Flow  visualizations 


Blade  surface  and  wall  flow  patterns  are  obtained  by 
oil  flow  visualizations  and  ink  traces.  While  in  the  case  of  oil 
flow  visualizations  the  mixture  of  medium  grade  oil  and  titanium 
dioxyde  is  uniformily  applied  to  the  surfaces,  the  ink  is  either 
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injected  through  discrete  wall  tappings  or  it  is  applied  in 
discrete  dots  to  the  endwall  and  blade  surfaces. 

A photograph  of  a blade  suction  side  flow  visualization 
obtained  with  the  ink  trace  technique  is  shown  in  Fig. 22.  It  is 
apparent  from  this  figure  that 


a)  a bi-dimensional  separation  does  occur  on  the  blade  suction 
surface  at  a distance  of  approximately  20%  of  the  chord  length 
from  the  trailing  edge.  This  separation  is  likely  to  be  laminar, 
a boundary  layer  calculation  indicating  that  the  boundary  layer 
remains  laminar  over  the  whole  suction  surface.  From  oil  film 
visualizations  and  from  the  loss  contour  plots  (compare  Figs 

35  and  40) , it  appears  that  the  separation  line  is  moving  upstream 
with  decreasing  blade  height.  This  is  attributed  to  the  fact  that 
the  boundary  layer  convergence  on  the  blade  suction  side  is  more 
severe  for  the  small  blade  height. 

b)  a tri-dimens ional  separation  does  occur  near  the  end  wall- 
blade  suction  side  corner;  the  limiting  streamlines  leave  the 
blade  surface  at  the  separation  line  ss'  (See  Ref.  | 1 8 | for  3~ 
dimensional  separation  analysis). 


The  flow  over  the  pressure  side  was  found  to  be  two- 
dimensional  over  most  of  the  surface. 


End  wall  flow  visualisations  obtained  during  preliminary 
investigations  at  VKI,  through  the  use  of  the  oil  film  technique 
indicated  the  existence  of  a "separation  vortex"  (or  horseshoe 
vortex,  or  stagnation  vortex),  that  wrapped  around  the  blade 
leading  edge  (Fig. 23).  Such  a vortex  does  occur  when  a boundary 
layer  flow  is  forced  to  pass  around  a blunt  obstacle.  A study  of 
this  phenomena  can  be  found  in  Belik  ! 1 9 ! , in  the  case  of  a 
boundary  layer  flow  around  a circular  cylinder.  In  the  case  of 
a turbine  cascade,  this  "stagnation  vortex"  is  submitted 
x . 

The  variation  of  the  asoec  ratio  was  initially  done  with  sliding 
intermediate  sidewalls.  For  the  final  tests  1 full  set  of  blades  was 
manufactured  for  each  aspect  ratio. 
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to  a transverse  pressure  gradient,  and  will  no  more  be  symmetric; 
the  vortex  leg  formed  along  the  suction  side  of  the  blade  is 
rapidly  pressed  down  on  the  blade  surface,  while  the  pressure  side 
leg  crosses  the  blade  passage  and  finally  hits  the  suction  side 
of  the  next  blade.  Similar  trends  are  observed  by  Stanbrook  1 2 0 1 
in  his  experimental  study  of  the  horseshoe  vortices  that  develop 
at  wing-body  junctions.  Fig.2U  presents  Stanbrooks  interpretation 
of  the  flow  phenomenon. 

One  question  to  be  asked  at  this  stage  is,  does  the 
stagnation  vortex  have  a determining  influence  on  the  rest  of  the 
flow  field  ? It  will  be  tried  to  answer  this,  at  least  partially, 
in  the  section  2.6.3  and  2.7.2. 


2.6.2  B1 ade_ ve loci ty_distri but  ions 


The  blade  velocity  distribution  is  computed  by  use 
of  the  following  formula  : 


(poi  - pa>  + io  Palc  U - iref) 
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Choosing  average  values  for  F and  qj  : 

F = 4 

qi  = 10  mm  HjO 

and  with 


U,  , = .3  mm  H20 

(«rPA) 


(i-i  _)*  .05  cm  alcool 
ref 


U = 1 mm  H2O 

11 

V 

the  uncertainty  of  yj-  = amounts  to  0.1. 

The  blade  surface  velocity  distributions  at  two 
spanwise  positions(y  = 5 mm  from  the  wall  and  y = mid-span)  are 
presented  in  Fig.  25  for  the  two  extreme  aspect  ratios  used 
in  this  investigation,  together  with  the  potential  velocity 
distribution  computed  with  a program  based  on  the  methods  of 
Martensen  [l  ij  . 


It  can  be  seen  that  there  is  a good  agreement  between 
the  predicted  and  the  measured  distributions,  except  on  the 
pressure  side,  in  the  vicinity  of  the  blade  leading  edge,  where 
a laminar  separation  is  likely  to  occur  due  to  a velocity  peak. 


There  is  no  sensible  effect  of  spanwise  position  to  be  observed 
in  our  case,  yet  such  effects  have  been  noticed  with  more 
cambered  blades  |l6|. 


2.6.3  Channel  flow  measurements 


2.6.3. 1 Measuring  uncertainties 
3-hole  probe  ( 2-di rect ional  probe) 

As  already  mentioned  before  (Chapter  2.3)  the  bulk  of  the 
measurements  is  done  with  the  same  3-hole  probe  (Fig. 2a)  which  is 
also  used  for  the  inlet  flow  traverses.  However,  contrary  to 
the  inlet  flow,  the  channel  flow  is  characterized  by  strong 
pitch-wise  velocity  gradients  as  well  as  by  non-negligable  span- 
wise  cross  flow  components.  Both  add  some  additional  terms  to  the 
measuring  accuracy  which  was  already  evaluated  for  this  probe 
in  Chapter  2 . U . 2 for  the  particular  condition  of  a uniform  flow 
far  upstream  of  the  cascade  : 

- The  choice  of  a non-balancing  mode  for  the  probe  in  a non-uniform 
flow  field  requires  the  use  of  calibration  curves  for  the  correct 
derivation  of  the  total  pressure,  the  flow  angle  and  the  dynamic 
pressure . 

- Due  to  the  distance  between  the  directional  tubes  of  the  probe, 
flow  parameters  are  derived  from  measurements  taken  on  stream 
surfaces  with  different  flow  properties.  The  flow  parameter, 
which  is  most  affected  by  the  pitch  wise  velocity  gradients  is 
the  local  flow  angle.  Contrary  to  downstream  wake  traverses, 
pitch-wise  averaging  does  not  compensate  these  errors. 

- The  3-hole  probe  does  not  take  into  account  spanwise  cross 
flow  components. 

Choosing  average  values  for  a typical  traverse  plane 
located  about  1/2  axial  chord  from  the  leading  edge  inside  the 
blade  passage,  one  obtains  the  following  estimation  for  the 
measuring  uncertainty  : 
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where  is  the  uncertainty  of  the  variable  X. 

5-hole  probe  ( 3-directional  probe) 

The  measuring  uncertainties  associated  with  the  use  of  the  5”hole 
probe  (Fig.2.b)  can  be  summarized  as  foolows  : 

Ug  - T 

U » 1° 
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U * 1 mm  HoO 
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U =0.5  mm  HoO 
po 

U * 0.008 
at 

Hot  wire  anemometer 

A VKI  hot  wire  constant  temperature  linearized  anemometer  was 
used  to  perform  some  endwall  boundary  layer  traverses.  The 
uncertainty  of  the  ratio  V/VMS  is  0.007. 

2. 6. 3. 2 Experimental  procedure 

The  channel  flow  measurements  required  certain 
modifications  of  the  test  section.  One  of  the  side  walls  was 
equipped  with  rectangular  steel  plate  inserts.  These  plates  are 
designed  with  slots  parallel  to  the  cascade  front  and  positioned 
at  various  axial  distances.  The  seven  plates  allow  to  make  tra- 
verses in  1 1*  different  axial  stations.  An  example  of  a plate  is 
shown  in  Fig. 26a  along  with  some  of  the  other  pieces  required. 
These  additional  pieces  include  the  probe  carriage  holder  and 
T-shaped  slot-fillers  which  allow  to  place  the  probe  shaft 
anywhere  within  a 300  mm  tangential  range  with  an  accuracy  of 
1.5  mm.  A photograph  with  the  probe  carriage  mounted  on  the  wind 


25 


tunnel  is  presented  in  Fig.  26b.  The  probe  carriage  allowed 
translation  of  the  probe  perpendicular  to  the  end  wall  plate 
and  rotation  of  the  probe  about  its  shaft. 

Eight  measuring  planes  were  selected  for  the  present 
investigation;  they  are  defined  in  Fig. 27.  In  each  plane,  eleven 
equally  spaced  spanwise  traverses  were  performed.  In  each 
traverse,  1 to  18  (depending  on  the  aspect  ratio)  measuring 
points  were  taken,  from  .5  mm  from  the  wall  to  mid-span. 

S 

2. 6. 3-3  The  integrated  mass  averaged  loss  coefficient  u>M 

Fig.  28  presents  the  growth  through  the  turbine 
passage  of  the  mass  averaged  loss  coefficient  integrated  over  the 
whole  measuring  plane, 

S # 

In  Fig. 28a,  the  loss  coefficient  u>M  is  plotted  for  the 
three  aspect  ratios  with  respect  to  the  axial  distance  measured 
from  the  trailing  edge  plane.  Three  regions  can  be  distinguished. 
The  first  one,  extending  from  the  inlet  measuring  plane  till 
about  -50!?  of  the  axial  chord  from  the  trailing  edge,  shows 
only  a slight  increase  of  loss.  The  second  region  extends  from 
-50 % of  the  axial  chord  up  to  the  trailing  edge,  and  reveals 
a steeper  increase  of  loss.  This  region  is  separated  from  the 
third  one,  the  downstream  region,  by  a jump  of  losses,  due  to  the 
sudden  area  expansion  at  the  trailing  edge  and  due  to  wake 
mixing . 


Fig. 28b  presents  the  growth  of  a reduced  loss  coefficient 
WM  X ^ “kg ^ * Th*s  corresponds  to  referring  the  loss  coefficient  to 
the  smallest  blade  height.  The  fact  that  these  reduced  coefficients 
collect  on  a single  curve  (within  the  measurements  uncertainties) 
indicates  that  the  possible  interference  effects  due  to  the  small 
aspect  ratio  have  a negligible  effect  on  the  aerodynamic  loss 
inside  the  turbine  passage,  at  least  for  the  blade  loading 
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distribution  and  inlet  boundary  layer  thickness  used  in  the 
present  investigation.  It  should,  however,  be  insisted  on  the 
fact  that  contrary  to  the  integrated  loss  coefficient,  the 
spanwise  loss  distribution  is  quite  different  between  the  smallest 
and  highest  aspect  ratio. 

2.6.3.1*  Loss  coefficient  and  flow  angle  distribution 

The  results  of  the  detailed  passage  survey  performed 
with  the  3-holes  probe  are  shown  in  Fig. 29  to  U5.  In  each  of 
these  figures.  Fig. a presents  the  pitchwise  averaged-mass 
averaged  loss  coefficient  plotted  against  the  blade  height. 

Fig.  b presents  the  distribution  of  A62(y)  = ®2Mg~  ^(y)  against 
the  blade  height,  and  Fig.  C is  a loss  coefficient  contour  plot. 

A detailed  discussion  of  each  of  those  tests  will  not 
be  given  here;  we  just  want  to  point  out  what  appears  to  us  as 
being  the  most  characteristic  features  of  the  flow  patterns. 

Looking  at  the  results  associated  with  the  largest 
aspect  ratio  (AR  ■ .98),  we  can  say  that  : 

- the  end  wall  boundary  layer  in  plane  1 (situated  at  a distance 
equal  to  UO#  of  the  axial  chord  upstream  of  the  blade  leading  edge) 
is  still  nearly  collateral.  The  boundary  layer  thickness  corres- 
ponding to  the  1/5  iso-loss  line  is  approximately  10  mm. 

- the  end  wall  boundary  layer  thickness  near  the  pressure  side  is 
decreasing  when  proceeding  downstream  through  the  turbine 
passage . 

- the  corner  losses  remain  localised  in  the  end  wall-suction 
surface  corner  till  very  near  the  cascade  outlet  (see  Fig. 35, 
test  NP7,  DA/CA  = - . 1 k ) . 


> . 


27 


- No  marked  influence  from  the  horseshoe  vortex  on  the  flow 
pattern  can  be  seen,  except  in  plane  2 (leading  edge  plane) 
where  some  deformation  of  the  iso-losses  lines  does  appear  near 
the  suction  side,  indicating  a stream  line  shift. 

With  respect  to  the  results  associated  with  the 
smallest  aspect  ratio  (AR  - .42),  the  following  two  features 
are  of  interest  : 

- the  corner  losses  seem  to  develop  somewhat  earlier  in  the  blade 
passage  (compare  Fig. 35c  with  Fig.UOc),  but  it  is  likely  that 
this  has  to  be  related  to  the  fact  that  the  laminar  separation 

on  the  blade  suction  side  appears  earlier  too. 

The  displacement  of  the  region  of  maximum  losses 
towards  mid-span,  which  was  the  main  feature  observed  in  the 
overall  performance  tests,  becomes  only  apparent  in  the  rear 
portion  of  the  blade  passage  (=  30%  of  the  axial  chord  upstream 
of  TE)  . 


2. 6. 3. 5 3-directional  probe  measurements 

Test  NP7  (AR  = 98,  plane  N°7,  .14  x axial  chord  from 
TE)  was  repeated  using  the  5-hole  probe  in  Fig. 2b.  Figs  46a 
and  46b  present  the  comparison  between  the  loss  coefficient  and 
the  flow  angle  distribution  obtained  with 

a)  3-hole  probe  ( 2-dire ct ional  probes) 

b)  5-hole  probe  (3-directional  probe). 

Bearing  in  mind  the  measurement  uncertainties  discussed 
earlier  and  the  fact  that  the  3-holes  probe  is  a bi-dimensional 
probe  used  in  a 3~D  flow  field,  the  agreement  between  the  two 
tests  is  satisfactory.  Fig.  46c  shows  the  loss  coefficient-contour 
plat,  which  is  again  comparable  to  the  isoloss  plot  obtained  with 
the  3-hole  probe.  Fig. 47  is  a secondary  velocity  chart  obtained 
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by  vectorially  substracting  the  pitch  wise  mid-span  velocity 
component  from  the  measured  in-plane  velocity  vector  at  the  same 
spanwise  traverse.  The  most  striking  feature  is  that  the  center  of 
the  main  vortex  motion  is  located  at  about  mid-pitch,  and  is  not 
shifted  towards  the  blade  suction  side  as  one  first  might  suppose. 
Looking  at  the  isolosses  plot,  we  see  that  no  loss  production 
is  associated  with  the  core  of  this  vortex,  but  merely  a simple 
deformation  of  the  isolosses  lines,  which  can  be  looked  at  as 
a "transportation"  effect. 

Whether  the  location  and  strength  of  this  "passage 
vortex"  is  influenced  by  the  stagnation  vortex  cannot  be  answered 
at  this  stage  of  the  study. 

2. 6. 3. 6 Hot-wire  boundary  layer  traverses 

Four  spanwise  traverses  were  made  with  a VKI  hot-wire 
anemometer  to  measure  end  wall  boundary  layer  velocity  profiles. 
These  traverses  extended  from  mid-span  to  ,3mm  from  the  wall; 
their  locations  are  given  in  Fig. 27-  The  measured  velocity 
profiles,  non-dimensionalised  by  the  mid-span  velocity,  are 
given  in  Fig. 48a.  All  three  traverses  accomplished  inside  of  the 
blade  passage  have  in  common  this  striking  feature,  that  velocity 
remains  constant  over  the  whole  range  of  measurements.  However, 
if  we  compare,  for  example,  the  velocity  profile  of  the  hot 
wire  traverse  1 to  the  total  pressure  profile  of  the  same  traverse 
(Fig. 48b)  , we  see  they  are  incompatible  with  the  boundary  layer 
theory  assumption  of  a constant  static  pressure  through  the  layer. 

A two-dimensional  boundary  layer  velocity  profile  seems 
thus  unable  to  describe  the  end-wall  flow  pattern. 
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2.7.  Leading  edge  flow  field 

2.7.1.  Test_set-ug_and_exgeri.mental_groced.ure 


This  part  of  the  investigation  was  performed  using 
the  blade  with  the  hollow  movable  leading  edge  which  was 
already  mentioned  in  chapter  2.3. (See  also  Fig. 4).  Of  course, 
the  zone  which  can  be  explored  in  this  way  is  rather  limited  : 
up  to  15mm  ahead  of  the  leading  edge  and  10  mm  across  the 
leading  edge  (pitch  wise  direction). 

Photographs  showing  the  leading  edge  instrumented  with  the 
5 hole  probe  are  shown  in  Fig.l*9a.  Fig.l*9b  presents  a close 
up  view  of  the  probe  sticking  out  of  the  nose. 


New  wind  tunnel  e nd  plates  were  fabricated,  allow- 
ing for  the  passage  of  the  movable  leading  edge.  Any  leakage 
was  prevented  by  using  a rubber  joint  between  the  blade  nose 
and  the  endwall  plates.  A photograph  of  the  modified  wind 
tunnel  is  given  in  Fig. 50. 


Twelve  spanwise  traverses  were  performed,  the  loca- 
tion of  which  is  given  in  Fig. 27. 

2.7*2.  Test_r esult s 

The  variations  of  0 and  y along  the  blade  height,  for 
each  traverse,  are  represented  in  Fig.51  to  51*.  8 is  the  flow 

angle  from  axial  direction,  in  a plane  parallel  to  the  end 
walls.  The  angle  8 is  defined  as  negative  if  the  circumferen- 
tial component  of  the  inlet  flow  points  into  the  same  direc- 
tion as  the  circumferential  component  of  the  outlet  flow.  The 
angle  y presents  the  flow  angle  with  respect  to  the  end  wall, 
y > 0 corresponds  to  a flow  component  directed  from  mid-span 
towards  the  end  wall. 


- *■ 
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Looking  at  Fig. 51  to  5^»  we  can  see  that  at  proximity 
of  the  wall  : 


- the  flow  is  directed  towards  the  end-wall  (y  > 0) 

- in  most  cases,  the  angle  6 near  the  wall  has  the 

same  sign  but  a greater  absolute  value  than  the  angle  6 
at  mid-span  at  the  same  spanwise  traverse.  The  flow 
near  the  end-wall  is  thus  "pushed  away"  from  the  lead- 
ing edge.  This  flow  pattern  corresponds  to  the  classical 
image  of  the  stagnation  vortex  as  a roll-up  of  the 
boundary  layer  around  the  blade  nose. 


From  the  measured  data  points,  the  secondary  veloci- 
ties in  a plane  located  5mm  in  front  of  the  leading  edge  were 
computed  and  the  corresponding  ch^rt  is  presented  in  Fig. 55- 

As  far  as  the  influence  zone  of  the  leading  edge 
vortex  is  concerned,  it  is  noted  that  : 

- except  for  the  traverses  closest  to  the  leading  edge, 
the  measured  angle  variations  are  always  less  than  5° 

- the  spanwise  extension  of  the  vortex  influenced  region 

is  approximately  2 inlet  boundary  layer  thickness  from 

the  wall  (choosing  y-y  =1°  as  a criterium).  Its 

m s 

upstream  extension,  based  on  the  endwall  flow  visuali- 
zations, is  approximately  2 times  the  blade  leading 
edge  radius  . 

Moreover,  if  we  remember  that  the  blade  passage  tests 
did  not  indicate  any  serious  loss  penalty  associated  with  the 
horse  shoe  vortex,  we  could  conclude  that  this  vortex  doesnot 
have  a determining  influence  on  the  flow  pattern. 

At  this  point,  however,  two  remarks  must  be  done  : 
l)  Due  to  the  blade-to-blade  pressure  gradient,  the  separation 
vortex  leg  forming  along  the  pressure  surface  crosses  the 
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blade  passage  and  ends  on  the  suction  surface  of  the  follow- 
ing blade.  The  authors  of  Ref. {16}  suggest  that  the  whole 
inlet  boundary  layer  is  involved  in  this  vortex  motion,  and 
that  a new  boundary  layer  begins  after  the  separation  line. 
This  would  explain  the  extreme  thinness  of  the  passage  end- 
wall  boundary  layer  obtained  both  in  their  tests  and  in 
those  of  Senoo  {21}.  Sjolander  {22}  proposes  a similar 
model  for  the  influence  of  the  horse-shoe  vortex,  but 
suggests  that  only  the  inner  part  of  the  boundary  layer 
could  be  involved  in  the  vortex  motion,  the  outer  part 
reattaching  downstream  of  the  separation  line. 

2)  Many  factors  do  influence  the  location,  and  hence  probably 
the  strength  of  the  separation.  Belik  {19}  showed,  in  the 
case  of  a symmetrical  flow  field  about  a cylinder,  that 
the  separation  location  depends  on  the  state  of  the  bound- 
ary layer  (laminar  or  turbulent),  the  Reynolds  number  based 
on  the  boundary  layer  thickness  and  on  the  cylinder  diameter. 
Langston  and  al  {16}  showed  in  addition  that  the  pressure 
distribution  has  an  important  influence  too,  in  the  case  of 
an  asymmetrical  flow  field. 

Comparing  now  the  cascades  tested  by  Langston  and  al 
and  by  Senoo,  we  see  that  Langston's  cascade  has  a very  strong 
trans  verse  pres sure  gradient  at  the  blade  channel  inlet,  while 
Senoo1 s cascade  acts  merely  like  a straight  nozzle  at  the 
beginning  of  the  passage,  but  it  has  a very  larj^e  blade  leading 
edge  radius  (R/s  =>  .20).  So,  while  being  of  very  different 
conceptions,  those  two  blades  have  both  a characteristic  feat- 
ure suspected  to  lead  to  a severe  three-dimensional  leading 
edge  separation  (large  transverse  pressure  gradient  - large 
leading  edge  radius),  and  the  mechanism  proposed  by  Langston 
and  al  would  then  be  effective,  leading  to  a very  thin  end- 
wall  viscous  layer. 

In  our  cascade,  in  which  the  transverse  pressure 
gradient  is  moderate  (compared  to  Langston's  cascade)  and  the 
leading  edge  radius  is  relatively  small  compared  to  Senno ' s 
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cascade),  the  separation  vortex  is  likely  to  be  much  weaker, 
and  one  might  assume  that  the  inlet  boundary  layer  is  only  par- 
tially involved  in  the  leading  edge  vortex.  This  would  explain 
the  fact  that,  while  finding  a reduction  of  end-wall  viscous 
losses  inside  of  the  passage,  near  the  pressure  surface,  no 
drastic  reduction  is  found.  On  the  other  hand,  we  might  recall 
here  that  the  peculiar  shapes  of  the  end-wall  velocity  profiles 
lead  us  to  the  conclusion  that  the  viscous  layer  developing  on 
the  passage  end-wall  seems  not  to  be  a conventional  boundary 
layer  : this  is  a possible  effect  of  the  three-dimensional 
separation  (the  "horse-shoe  vortex")  to  which  the  inlet  boundary 
layer  is  submitted. 

So,  from  the  presently  available  data,  we  can  conclude 

that  : 

- A separation  vortex  (also  called  "horse-shoe  vortex", 

"stagnation  vortex",  saddle  point  separation"  following 
various  authors)  does  occur  about  the  blade  leading  edge, 
due  to  the  rolling  up  of  the  inlet  boundary  layer. 

- No  serious  loss  penalty  seems  to  be  associated  to  it. 

- In  our  test  case,  this  vortex  is  of  limited  extension 
and  strength. 

- The  main  effect  of  the  separation  vortex  is  to  remove  the 
inlet  wall  boundary  layer  from  the  end-wall,  at  least  partially. 
This  mechanism  is  greatly  influenced  by  the  blade-to-blade 
pressure  gradient  and  the  leading  edge  radius.  In  our  test 
case,  this  effect  is  of  limited  importance;  however,  some 
features  of  the  flow  pattern  are  likely  to  be  dependent  on  the 
separation  vortex  : 

- the  reduction  of  end-wall  viscous  losses  in  the  blade 
passage,  near  the  pressure  surface. 

- the  structure  of  the  end-wall  viscous  layer. 


. * * 
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2.8  CONCLUSIONS  - LOW  SPEED  TESTS 

So  far  ve  can  draw  the  following  conclusions  : 

Leading  edge  flow 

A separation  vortex  does  develop  about  the  blade  leading  edge, 
due  to  the  rolling  up  of  the  inlet  boundary  layer.  No  serious 
loss  penalty  seems  to  be  associated  to  it,  and  our  tests  indicated 
that  it  is  of  limited  extension  and  strength.  This  separation 
vortex  seems,  however,  to  play  a significant  role  in  removing 
the  end-wall  inlet  boundary  layer,  at  least  partially,  and  in 
doing  this,  to  control  the  subsequent  evolution  of  the  end-wall 
viscous  layer  in  the  turbine  passage.  While  in  our  tests  the 
effect  of  the  separation  vortex  is  rather  limited,  a drastic 
influence  was  found  by  other  investigators.  This  suggests  that  the 
cascade  geometry  is  of  determining  importance  on  the  separation 
vortex  mechanism.  Two  parameters  at  least  are  of  interest  : the 
blade  to  blade  pressure  gradient  and  the  leading  edge  radius. 

Channel  flow 

- The  end  wall  viscous  layer  near  the  pressure  side  is  thinner 
than  the  endwall  boundary  layer  upstream  of  the  cascade.  This  is 
likely  to  be  an  effect  of  the  separation  vortex.  End  wall 
"boundary  layer"  velocity  traverses  indicated  that  the  resultant 
velocity  profile  is  nearly  constant  till  very  near  of  the  wall 
(.3mm).  Coupled  with  the  fact  that  the  total  pressure  profile  at 
the  same  position  is  not  constant,  it  implies  that  a 2-D  boundary 
velocity  profile  is  unable  to  represent  the  local  end  wall  flow 
conditions . 

- The  corner  losses  remain  localised  in  the  end  wall-suction 
surface  corner  till  very  near  of  the  cascade  outlet  (-  .15 
axial  chord  upstream  of  trailing  edge). 


■ 
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- From  tests  results  obtained  in  a plane  located  at  . 1 h axial 
chord  upstream  of  the  trailing  edge,  it  appears  that  the  main 
secondary  vortex  motion  does  not  coincide  with  the  region  of 
corner  losses.  No  noticeable  loss  production  is  associated  with 
this  vortex,  but  merely  a skewing  of  the  flow  field. 

- The  integrated  mass  averaged  aerodynamic  losses  are  seen  to  be 
slightly  increasing,  up  to  approximately  50%  of  the  axial  chord  up- 
stream of  the  blade  TE . From  that  point,  losses  are  increasing 

at  a higher  rate. 

No  measurable  interference  effect  is  noticed  when  decreasing 
the  aspect  ratio  from  .98  to  .1*2. 


Outlet  flow  field  - Overall  performance 
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- A simple  small  shear-small  disturbance  type  secondary  flow 
model  is  seen  to  produce  only  qualitative  agreement  with 
experiments.  Quantitative  agreement  would  require  at  least 
the  allowance  for  large  disturbances. 

A simple  model  for  viscous  losses,  where  the  streamwise  component 
of  the  end-wall  boundary  layer  is  represented  by  a 2-D  boundary 
layer  submitted  to  the  average  mass-channel  pressure  gradient, 
fails  to  produce  realistic  results. 
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3.  HIGH  SPEED  TESTS 

3 . 1 Test  facility  and  instrumentation 

3.1.1  Test_ facility 

The  test  facility  (Figs  56)  used  for  the  investigation 
of  various  transonic  turbine  cascades  is  the  VKI  high  speed 
cascade  tunnel  C-2.  This  tunnel  is  of  the  blow  down  type  (exhaust 
to  atmosphere)  and  is  supplied  with  dry  air  from  high  pressure 
reservoirs.  120  m3  are  available  at  U0  atm.  at  the  inlet  to  the 
settling  chamber.  The  throttling  system  consists  of  a general 
shut  off  valve,  a pneumatic  regulated  quarter  revolution  valve 
and  a manually  controlled  needle  throttle  valve.  This  system 
allows  a rapid  pressure  rise  and  fine  regulation  of  the  required 
settling  chamber  pressure. 

The  air  enters  the  settling  chamber  through  a backwards 
bent,  perforated  pipe  to  suppress  the  inlet  swirl.  The  inlet  to 
the  nozzle  has  a contoured  upper  part  which  is  interchangeable 
for  subsonic  and  supersonic  cascade  inlet  Mach  numbers. 

The  lower  nozzle  block  is  straight.  Both  nozzle  block3  are 
adj  ustable . 

The  test  section  outlet  is  formed  by  a diffusor 
equipped  with  a backpressure  valve.  The  outlet  can  be  rotated 
between  a horizontal  and  a vertical  position. 

3.1.2  Test_ sect  ion 

The  test  section  is  formed  by  2 Perspex  side  walls 
(19  mm  thick)  in  which  the  blades  are  fixed  and  by  the  wooden 
cascade  section  end  walls.  The  end  passages  of  the  cascade  are 
full  passages.  The  boundaries  are  either  the  suction  side  or  the 
pressure  side  of  a normal  blade.  Behind  the  trailing  edge  plane 
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a sudden  area  enlargement  in  pitchvise  direction  is  foreseen. 

The  dimensions  of  the  test  section  are  50  mm  (=blade  height)  x 
200  mm.  A change  of  the  incidence  angle  is  obtained  by  rotating 
the  cascade. 

3.1.3  Tunnel  and_test  section  instrumentation 

The  settling  chamber  pressure  is  measured  with  a 
mercury  filled  U-tube  manometer.  The  pressure  can  be  kept  constant 
within  ± 1 mm  Hg.  The  static  pressure  on  the  blades  and  the  wall 
pressure  distributions  in  pitchwise  direction  at  the  cascade  inlet 
and  outlet  are  measured  with  a mercury  multimanometer.  A blocking 
device  allows  the  readings  to  be  made  after  each  blow  down. 

Midspan  traverses  are  performed  in  the  inlet  and  outlet 
plane  of  the  cascade  at  axial  distances  of  about  60%  of  the  chord 
at  the  inlet  and  k0%  of  the  chord  at  the  outlet. (The  axial  down- 
downstream  distance  of  ho%  of  the  chord  corresponds  to  1 chord 
length  in  flow  direction).  The  probes  used  are  a pitot-directional 
probe  for  the  inlet,  and  for  the  outlet  a pitot  directional  probe 
combined  with  a single  needle  static  pressure  probe  (Fig. 57). 

The  probes  are  displaced  tangentially  in  a fixed  axial  position 
by  a remote  controlled  carriage.  Strain  gauge  pressure  transducers, 
with  a linearity  of  better  than  0,1%  full  scale,  are  used  to 
record  on  a paper  recorder  the  required  flow  parameters. 

The  facility  is  also  equipped  with  a standard  Schlieren 
system  for  flow  observation  in  continuous  operation  and  for 
pictures  by  using  a short  duration  15,000  V electric  discharge. 

3 . 2 Blade  and  cascade  geometry 

The  relative  small  test  section  of  the  high  speed  wind 
tunnel  requires  the  use  of  blades  with  rather  small  chord  length. 

In  the  present  case  the  choice  of  the  chord  length  was  dictated 
by  the  limited  test  section  height  (200  mm)  on  one  side  and  the 
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vish  to  work  with  a maximum  of  blade  passages  on  the  other  side, 
as  the  number  of  blade  passages  plays  an  important  role  in  esta- 
blishing periodic  outlet  flow  conditions  in  the  high  subsonic 
outlet  Mach  number  range.  Eight  passages  are  considered  to  be  a 
suitable  compromise.  This  leaves  25  mm  per  blade  space,  which 
results  for  a space  to  chord  ratio  of  s/c  = 0.72  in  a chord 
length  of  35  mm.  Hence,  with  a blade  height  of  50  mm  (=  test 
section  width)  the  aspect  ratio  becomes  h/c  = 1.1*.  This  is 
considerably  higher  than  the  highest  aspect  ratio  in  the  low 

speed  test  (h/c  * 0.98).  However,  the  present  test  series 
max 

aims  only  at  the  2-dimensional  blade  performance  at  high  speed 
and  it  is  considered  that  for  this  purpose  a high  number  of  blades 
is  highly  desirable. 

The  final  blade  and  cascade  characteristics  are 
summarized  below  : 


blade  height 
chord  length 
blade  spacing 
throat 

stagger  angle 

nominal  inlet  flow 
angle 

number  of  blades 


50  mm 
35  mm 
25.27  mm 
10,0  mm 
1*1.35°  f 


with  respect  to 
axial  direction 


Due  to  a manufacturing  error  the  stagger  angle  for  the 
high  speed  set  up  is  higher  by  1°  compared  to  the  low  speed  tests 
This  difference  has  to  be  accounted  for  when  comparing  the  low 
and  high  speed  tests.  The  effect  on  the  losses  can  consider 
being  negligible. 
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3 . 3 Test  conditions 

3.3*1  i on_  of  _out  let  _Mach_n  umber  _ and 

The  outlet  Mach  number  M2  is  varied  by  a change  of 
the  upstream  total  pressure  Poi*  The  relation  between  po 1 and 
M2  is  almost  linear.  The  tests  cover  an  outlet  Mach  number  range 
from  M2  = 0.5  to  0.9. 

A characteristic  feature  of  a blow  down  type  cascade 
tunnel  with  exhaust  to  atmospheric  pressure  is  that  the  Reynolds 
number  can  not  be  kept  constant  when  the  outlet  Mach  number  is 
varied.  In  fact  the  Re-number  (based  on  chord  length  and  outlet 
velocity)  varies  in  this  test  series  from  1+00.000  at  M2  = 0.5  to 
720.000  at  M2  = 0.9  (Fig. 58).  However,  in  all  cases  the  Re-number 
is  well  above  the  critical  Reynolds  number  of  2 to  3 x 105  which 
is  often  quoted  in  the  literature. 

3.3.2  Down stream_geriodi city 

The  downstream  Mach  number  is  derived  from  side  wall 
static  pressure  tappings  positioned  at  an  axial  distance  from 
the  trailing  edge  equal  to  0.1+0$  of  the  chord  length  (=  to  1 
chord  length  in  streamwise  direction),  and  the  total  upstream 
pressure . 

Great  care  is  taken  to  obtain  a good  outlet  periodicity. 
The  quality  was  judged  on  the  basis  of  a comparison  of  the  integrated 
outlet  Mach  numbers  (over  1 pitch)  for  the  three  central  pitches. 

The  non-periodicity  coefficient  e,  defined  as 

£ _ ^ 2 ( 1 pitch)  ~ ( 3 pitches) 

^2 ( 3 pitches ) 
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does  never  exceed  a value  of  e * 1 to  2%, 


3-3.3  Flow  unsteadiness 


The  turbulence  level  measured  upstream  of  the  cascade 
is  of  the  order  of  Tu  = 0.5#  to  where 


Tu  = 


/ u^ 
U 


This  turbulence  level  is  of  course  not  at  all  representative  for 
the  turbulence  levels  existing  in  real  machines.  It  is  possible  to 
increase  moderately  the  turbulence  level  in  cascade  tunnels  by 
the  use  of  perforated  plates  which  are  placed  at  some  distance 
upstream  of  the  cascade.  However,  if  the  turbulence  level  is 
increased  in  this  way  beyond  3 to  U% , then  the  flow  looses  its 
isentropic  character.  It  was  therefore  decided  to  do  the  tests  at 
the  natural  turbulence  level  of  the  tunnel. 


Besides  the  above  mentioned  turbulence,  there  exists 
two  other  types  of  unsteady  flow  phenomenon  in  cascades.  The 
first  one  is  a low  frequency  unsteadiness  of  some  hundred  hertz 
which  has  its  origin  in  the  free  shear  layer  at  the  extremities 
of  the  cascade.  This  unsteadiness  is  particularily  strong  in  the 
transonic  and  low  supersonic  outlet  Mach  number  range,  where  it 
produces  fairly  big  variations  of  the  shock  positions  and  outlet 
flow  angles.  Preliminary  measurements  with  fast  response  pressure 
transducers  indicate,  however,  that  the  time  averaged  pressures 
correspond  closely  to  the  pressure  recorded  with  standard  low 
frequency  measuring  equipment. 


K 
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The  second  type  of  unsteady  flow  phenomenon  is  of 
very  high  frequency,  10.000  s 1 to  30.000  s 1 and  is  linked  to 
the  existence  of  the  von  Karman  vortex  streets  at  the  trailing 
edges  of  the  blades.  Again,  the  maximum  unsteadiness  occurs  in 
the  transonic  outlet  Mach  number  range.  However,  the  amplitudes 
of  the  flow  variations  caused  by  the  von  Karman  vortices  are 
significantly  smaller  than  those  of  the  low  frequency  unsteadiness. 
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The  effect  on  the  accuracy  of  the  downstream  measurements  should 
be  negligible. 

3.3.1*  §t agnat ion_temperature 

The  stagnation  temperature  Tq j measured  in  the  settling 
chamber  is  of  the  order  of  0°  to  15°C.  The  variation  of  Tq • during 
1 test  run  (a  downstream  traverse  over  3 pitches  takes  2 to  3 
minutes)  stays  within  2°  to  5°C.  The  high  pressure  air  is  dryed 
such  that  inspite  of  the  low  static  temperatures  downstream  of 
the  cascade,  no  condensation  shocks  occur. 

3.3.5  Measur ing_uncertainti.es 

There  are  two  distinct  different  classes  of  measuring 
uncertainties.  The  first  class  represents  all  those  uncertainties 
which  imply  certain  imperfections  in  the  measuring  and  data 
recording  system  like  probe  calibration  errors,  probe  alignment 
errors,  non-linearity  and  zero  shift  due  to  temperature  effects 
of  transducers  and  recording  instruments,  reading  errors,  etc. 

The  second  class  of  measuring  uncertainties  is  not  due 
to  some  measuring  errors  but,  due  to  effective  differences  in  the 
blade  performance  from  blade  to  blade.  These  blade  to  blade 
performance  variations  can  be  caused  by  slight  differences  in  blade 
shape,  blade  spacing  or  stagger  angle  which  might  influence  the 
point  of  transition  on  the  blade  suction  side.  Another  possible 
source  is  to  look  for  in  non-periodic  outlet  flow  conditions 
which  have  their  origin  in  an  incorrect  setting  of  the  end  walls 
at  the  cascade  extremities. 

In  the  present  case  the  blade  loss  variation  from 
blade  to  blade  amounts  to  0.3  points.  The  total  error  for  the 
blade  loss  coefficient  is  about  0.5  points.  As  far  as  the  outlet 
angle  is  concerned  the  blade  to  blade  variation  amounts  to  0.2° 
and  the  total  uncertainty  is  estimated  to  0.5°. 
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3 • 4 General  flow  pattern  - flow  visualisations 

3.4.1  Oil_flow_vi sualisat ions 

Surface  flow  visualisations,  using  medium  grade  oil  and 
titan  dioxyde  powder,  are  made  for  an  outlet  Mach  number  M2  * 0.5* 
The  photographs  in  Fig. 59  show  the  flow  traces  on  both  the  side 
wall  and  the  blade  surfaces.  The  flow  visualisations  indicate 
clearly  the  main  flow  pattern  i.e.  : 

- the  influence  zone  of  the  leading  edge  vortex 

- the  flowing  of  the  stream  line"  from  the  pressure  side  to 
the  suction  side  under  the  influence  of  the  cross  channel 
gradi ent 

- the  interference  of  the  side  wall  stream  lines  with  the 
suction  side  flow  (beginning  of  corner  vortex) 

- the  dividing  line  on  the  blade  suction  side  between  the  blade 
boundary  layer  and  the  side  yall  boundary  layer  (see  strong 
white  paint  trace) 

- the  slight  streamline  divergence  on  the  blade  pressure  side 

- the  leading  edge  stagnation  point  line 

- the  wake  direction  on  the  side  walls. 

Based  on  the  photographs  the  influence  zone  of 
the  secondary  losses  covers  about  15$  of  the  blade  height  on  each 
side.  The  flow  at  mid-span  seems  not  to  be  affected. 

3.4.2  Shadowgraphs 

Shadowgraphs  (Fig.go)  are  made  for  outlet  Mach  numbers 

between  M2  . = 0.9  and  1.0  (the  isentropic  Mach  number  M?  . 

.is  , i s 

is  derived  from  downstream  wall  static  pressures  and  the  total 
upstream  pressure). 

The  pictures  show  that  the  first  shocks  appear  on  the 

rear  blade  suction  surface  at  M2  . * 0.9.  A close  study  of  the 

, 1 s 

photographs  indicates  also  a different  boundary  layer  behaviour 
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at  the  trailing  edge  of  the  blades.  In  fact,  for  the  blades  5 
and  7 (Fig.  60  ) the  boundary  layer  separates  under  the  influence 
of  a normal  shock  while  this  does  not  happen  (or  to  a much  lesser 
extend)  on  blades  4 and  6.  This  suggests  that  for  blades  4 and  6 
the  blade  boundary  layer  has  undergone  a transition  with  the 
effect  that  the  turbulent  boundary  layer  resists  better  to  the 
adverse  pressure  gradient  imposed  by  the  rear  blade  suction  side 
shock.  As  far  as  the  blades  5 and  7 are  concerned,  it  seems  that 
either  the  boundary  layer  has  not  undergone  a transition  or  the 
transition  has  been  followed  by  a relaminarization . 


The  different  boundary  layer  behaviour  is  also  picked 
up  by  the  downstream  traverses.  The  phenomenon  is  Mach  number 
dependent.  Between  M2  = 0.5  and  0.9  the  losses  do  not  differ  by 
more  than  0.3  points,  however,  beyond  M2  = 0.9  the  differences 
increase  rapidly  and  can  reach  1 to  1.5  points  around  M2  = 1.0. 
The  test  results  presented  in  this  report  are  therefore  limited 
to  M2  - 0.9. 


3 • 5 Overall  performance  test  results 


3-5*1  Profile  losses 


The  losses  are  presented  in  Fig.6l  under  the  form 
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The  pressures  used  to  calculate  £ are  mass  averaged  values  in  the 
measuring  plane.  In  subsonic  flow  there  is  no  noticable  difference 
between  these  values  and  the  completely  mixed  out  values. 


The  losses  are  outlet  Mach  number  dependent.  From 
M2  = 0*5  to  M2  = 0.75  the  losses  decrease  from  3 % to  2.$%.  Th  t 
minimum  is  followed  by  a rapid  increase  and  at  M2  = 0.9  & value 
of  £ = h%  is  recorded.  The  sudden  deterioration  of  the  blade 
performance  must  be  related  to  the  appearance  of  supersonic 
pockets  on  the  blade  suction  surface. 

A variation  of  ± 15°  of  the  inlet  flow  angle  has  no 
significant  effect  on  the  loss  level.  This  can  be  attributed  to 
the  thick  nose  which  is  little  sensitive  to  incidence  variations. 

An  analysis  of  the  losses  with  the  Craig-Cox  correlation 
[6]  results  in  the  following  repartition  of  the  individual  loss 
terms  : 


M2  = 0.5 

RE  * U x 105 


M,  = 0.8 


for  ± 15°;  the  loss  correlation  suggests  an  increase  of  = 0.5$ 
for  the  same  range. 

3-5.2  Out  let £ 

The  variation  of  the  outlet  flow  angle  62  in  function 
of  the  outlet  Mach  number  is  very  similar  to  the  one  of  the  losses 
(Fig. 63).  A certain  relation  between  the  blade  loss  variation 
and  outlet  angle  variation  is  evident  because  of  their  coupling 
via  the  suction  side  boundary  layer.  It  is,  however,  reasonable 
to  suppose  that  in  view  of  the  small  loss  variation  between 
M2  =0.5  and  0.8  the  effect  on  the  outlet  angle  should  be  very 
limited. 


The  prediction  of  the  outlet  flow  angle  is  often 
made  in  a first  approx i mat  ion  with  the  cos-rule  : 


* - 1 
&2  = COS 


0 /s 


0 - throat 
s - spacing 


The  application  of  this  equation  is  restricted  to 
straight-backed  blades  with  thin  trailing  edges  at  M2  = 1. 


For  Mach  numbers  away  from  M2  = 1 , Traupel  fl9~| 
proposes  to  calculate  the  outlet  angle 


ctg62  = 7 s in 6 


{ 


1 - M2  * 


K _ 


s in  82  2 

(-T-T-) 

sin60 


1 

K-1 


6q  = flow  angle  in  the  throat 


This  equation  has  to  be  solved  iteratively. 


The  influence  of  the  suction  side  curvature  downstream 
of  the  throat  on  82  is  taken  into  account  due  to  Ainley  [2UI  by 


ke  - 


AB2  = 82  ~ 8 2 = .(s/0) 

K 

where  02  represents  the  outlet  angle  predicted  by  the  simple 
cos-rule . 


The  influence  of  the  trailing  edge  thickness  on  B2 
can  be  evaluated  after  Bammert  and  Sonnenschein  [j?5j  with 
the  equation 

cos62  = K,(J  ♦ K2- 

d - trailing  edge  thickness 

Kj  - correction  factor  given  in  Ref.  20 

"■  ’ * K*  • ttJ 


k2  - 0.8 


The  correction  factors  due  to  the  rear  suction  side 
curvature  and  the  trailing  edge  thickness  are  supposed  to  be 
constant  in  the  whole  subsonic  Mach  number  range.  The  calculation 
procedure  to  be  followed  is  : 

1.  calculate  B2  yith  the  simple  COS-rule; 

2.  add  the  corrections  for  the  trailing  edge  thickness  and  the 
suction  side  curvature; 

3.  add  the  Mach  number  correction  due  to  the  difference  of  M2 
with  respect  to  M2®1.0. 

The  result  is  plotted  in  Fig. 30.  The  variation  of  the  outlet 
with  M2  is  well  predicted  except  for  M2  > 0.8,  however,  the 
predicted  angles  in  this  range  are  too  high  by  0.6°.  The 
curves  cross  over  at  M2  « 0.9. 


3.6  Conclusions  - High  Speed  Tests 

The  aim  of  the  high  speed  tests  was  to  measure  the 
two-dimensional  blade  performance  over  a wide  range  of  Mach 
numbers  and  inlet  flow  angles. 

The  tests  included  surface  flow  visualisations,  sha- 
dowgraphs and  mid-span  probe  traverses  : 


- the  oil  flow  visualisation  established  undisturbed  flow 
conditions  at  blade  mid-span 

- the  two-dimensional  blade  performance  could  be  correctly 
predicted  for  the  outlet  Mach  number  range  M2  = O.U  to  0.8 

by  using  the  Craig  & Cox  loss  correlation  method  and  a modified 
cos-rule  for  the  outlet  angle 

- beyond  M2  = 0.8  the  shock  boundary  layer  interactions  are 
predominant  and  more  refined  prediction  methods  have  to  be 
used 

- the  shadowgraphs  indicate  in  the  transonic  region  a high 
sensitivity  of  the  blade  boundary  layer  to  small  variations 
in  cascade  and  blade  geometry. 
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APPENDIX  A 


BLADE  COORDINATES  AND  CASCADE 


CONFIGURATION 
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APPENDIX  B : SECONDARY  FLOWS  IN  PLANE  CASCADES 


This  section  summarizes  briefly  the  main  features 
of  cascade  secondary  flows.  A detailed  literature  review  on  the 
subject  can  be  found  in  Ref.  0 • 

Let  us  consider  a plane  cascade  of  blades.  The  inlet 
end  wall  boundary  layer  is  supposed  to  be  colateral.  The  inlet 
flow  will  be  deflected  by  the  blade  row,  and  through  application 
of  the  equilibrium  equations  it  is  noted  that  this  deflection 
must  be  associated  with  cross-channel  pressure  gradients  in  the 
inviscid  flow.  As  a result  of  the  boundary  layer  flow  assumption 
that  the  inviscid  flow  impresses  its  gradients  on  the  boundary 
layer,  a balance  of  the  equilibrium  equations  with  the  boundary 
layer  shows  a required  movement  of  boundary  layer  material 
from  the  high  pressure  side  of  the  channel,  producing  a "cross 
flow"  component  of  velocity  perpendicular  to  the  "streamwise" 
velocity  component.  This  will  initiate  a vortex-like  motion  of 
the  flow  within  the  passage,  the  flow  being  overturned  near  the 
wall  : it  is  the  so-called  "passage  vortex".  Moreover,  the  end- 
wall  BL  streamlines  are  likely toroll  up  into  a vortex  type 
motion  near  the  corner  of  the  blade  suction  surface  and  the 
end  wall  : it  is  the  so-called  "corner  vortex". 

Another  secondary  motion  of  interest  is  the  one 
occurring  when  a non-uniform  flow  (the  inlet  wall  boundary 
flow  is  forced  to  pass  round  an  obstacle  (the  blade  leading 
edge)  : this  leads  to  the  formuation  of  a so-called 
"horse-shoe"  on  "stagnation  vortex"  which  is  wrapped  around 
the  leading  edge. 

Finally,  we  must  note  that  there  are  still  two 
additional  components  of  vorticity  which  may  influence  the  flow 
in  the  blade  end  region. 
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- the  "trailing  shed  circulation",  attributed  to  changes  in 
blade  circulation  along  the  blade  span  as  the  blade  end  is 
approached . 

- the  "trailing  filament  circulation",  due  to  the  stretching 
of  approach  flov  vortex  filaments. 

A simple  model  for  the  passage  vortex 
(small  shear  - small  disturbance  theory) 

Assuming  an  isentropic  evolution  of  the  flow  through 
the  passage  and  representing  the  inlet  boundary  layer  by  a 
vorticity  distribution  £1  = - dV j / dy , it  is  shown  in  [j  5]  that 
the  streamwise  outlet  vorticity  can  be  written  £2  = “ B dV j / dy . 
Neglecting  the  influence  of  secondary  velocity  on  the  main  flow, 
B can  be  written 


B 


2 V 1 V2 


02 

01 


V2 


d6  , 


leading  to  the  well-known  result  of  Squire  and  Winter 
B = - 2(8i  ~ 82)  if  the  velocity  V is  constant. 

9 V 

Assuming  that  - — - - 0 locally  in  the  vicinity  of  the 
3 

outlet  station  and  defining  a secondary  flow  stream  function  ip  , 
we  can  write 


ill  + .ill  = 

9y2  9 2 z 


dV! 

^2  - B dir 


with  v 

y 


V 

z 


dip 

9z 

_ 9j, 

9y 


(1) 


Solutions  of  the  equation  must  be  found  satisfying 
the  boundary  conditions  that  no  flow  passes  through  the  physical 
end  wall  on  through  the  (hypothetical)  surfaces  that  separate 


* 


£ 
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the  flow  in  one  passage  from  that  of  the  neighbouring  passages. 
The  symmetrical  nature  of  cascade  flows  about  mid-span  allows 
one  of  those  boundary  conditions  to  be  modified  to  imply  that 
there  can  be  no  component  of  velocity  normal  to  the  end  wall 
at  the  cascade  mid-span  position. 

A solution  of  equation  (1)  being  obtained,  the 
resulting  velocity  component  V2  can  be  averaged  in  order  to 
determine  the  influence  of  secondary  flow  on  the  spanwise 
distribution  of  outlet  flow  angle. 

Two  methods  of  solution  will  be  outlined  in  the 
following.  The  first  one  is  a simple  integral  method  providing 
directly  the  average  outlet  cross  flow  velocity.  The  second 
method  involves  the  numerical  solution  of  equation  (l). 

a ) Horlock's  solution 


Introducing  an  impirical  parametric  solution  for 
and  V2  in  the  secondary  flow  equations  (continuity  + vorticity), 
Horlock  [IT]  arrives  at  the  following  solution 


vz(y) 
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under  the  assumption  that 
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Salvage  [j 0 , 1 5 H proposed  to  use  this  result  in  order 
to  predict  the  spanwise  variation  of  the  outlet  flow  angle. 

This  leads  to  the  following  first  approximation  formula  : 


AB2(y)  = 62ms  - e2(y) 


tan 


cosg  j 

cosg2 


B ( 1 


Tx,-<r> 

VlMS 


* -ky  -k 

k6  ( e - e 


where  k = 


/T2 


s cosg2 


MS 


b ) Numerical  solutions 


This  method  involves  the  solution  of  Eq.(l)  (with  the 
relevant  boundary  conditions). 

A finite  element  method  was  chosen,  using  linear 
triangular  elements  (TRIM3).  The  computing  plane  is  located 
downstream  of  the  cascade,  normally  to  the  streamlines  and 
covers  half  a blade  passage  (the  flow  being  symmetrical  about 
mid-span,  only  half  of  a blade  height  has  to  be  considered). 

This  computing  plane  is  covered  by  approximately 
1*50  nodes.  The  inversion  of  the  stiffness  matrix  is  performed 
by  a fast  direct  method  (Choleski  method),  leading  to  an 
execution  time  of  the  program  of  approximately  4 CP  seconds  on 
a CDC  6500  computer. 

The  secondary  velocities  can  then  be  aalculated  by 
numerical  derivations.  The  average  velocity  is  then  used  to 
predict  the  outlet  flow  angle  variation  in  the  same  way  as  in 
point  a) . 

The  knowledge  of  secondary  velocities  allows  us  also 
to  compute  the  kinetic  energy  of  secondary  flow, 
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APPENDIX  C 


Profile  loss  related  to  blade  boundary  layer  parameters 
(momentum  flow  averaging) 


u = 1 - cos 2 62  (2A  ~ B2)  “ s in2  B 2 * (^)2 
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ss  : suction  side 

ps  : pressure  side 

t : trailing  edge  thickness 
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Cross  flow  momentum  thickness  (derived  from  Korlock's  expression 
for  secondary  velocity) 
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End-wall  area  averaged  loss  coefficient  : 


TABLE  1 : SUMMARY  OF  OVERALL  TESTS  PARAMETERS 
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There  are  three  inlet  traverses  separated  by 
1/2  of  a pitch  in  the  pitchvise  direction. 


Mean  flow  conditions 
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Figure  1.  Vertical  cross  section  of  C-1  cascade  tunnel. 
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MICROCOPY  RESOLUTION  TEST  CHART 
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FIG.  47  SECONDARY  VELOCITIES  CHART  IN  PLANE 
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FIG.  55  SECONDARY  VELOCITIES  5 mm  IN  FRONT  OF  L.E. 
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